



















SEARCHES FOR DARK MATTER AND EXTRA DIMENSIONS AT THE LHC
MARIE-HE´LE`NE GENEST, ON BEHALF OF THE ATLAS AND CMS COLLABORATIONS
LPSC, Universite´ Grenoble-Alpes, CNRS/IN2P3
53 rue des Martyrs, 38026 Grenoble Cedex, France
Recent results on the search for dark matter and extra dimensions in proton-proton collisions
at the Large Hadron Collider are presented. Several analyses performed by the ATLAS and
CMS collaborations using the full 8 TeV dataset are summarized, including a discussion of
the limits obtained in different scenarios.
1 Introduction
Multiple astrophysical observations indicate that a large fraction of the energy in the universe
is in the form of dark matter (DM). Its nature is yet unknown and the Standard Model (SM)
does not predict any suitable particle which could explain it. A beyond-the-SM, stable, neutral,
weakly-interacting massive particle (WIMP) is a compelling candidate. So far, there has been
no detection of WIMPs in dedicated experiments; searches for WIMP production in collisions
at the Large Hadron Collider (LHC) by the ATLAS 1 and CMS 2 experiments complement these
searches. Another reason to search for physics beyond the SM is the hierarchy problem: why is
the Higgs mass so small with respect to its large quantum corrections which should be on the
order of the Planck scale? Theories with extra dimensions (ED) can offer a solution: as gravity
gets diluted in the ED, the Planck scale appears to be at much higher energy than its actual
value, MD, which could be as small as the TeV scale. Depending on the model, massive Kaluza-
Klein (KK) gravitons could be seen at the LHC as a broad excess over the SM background, or
as narrow resonances. Quantum black holes (QBH) could also be produced.
2 Searches for Dark Matter
If WIMPs are pair produced at the LHC, they are invisible to the detector: one needs to rely
on an object, such as an initial-state-radiation (ISR) jet, in order to tag the events and measure
recoiling WIMPs as missing transverse momentum (EmissT ). In the mono-jet analysis
3, events
are selected if they contain at least one central jet with high transverse momentum (pT) and
a large EmissT which is well separated from the jets (to avoid fake E
miss
T from a mismeasured
jet). Events containing electrons, muons or isolated tracks are vetoed. Nine signal regions,
with increasing EmissT thresholds, are defined to cover different models. The main background,
Z(→ νν¯)+jets, is constrained using data in leptonic control regions. As the observed data is
compatible with the background-only expectation, limits can be derived. One way to present
the results is the effective field theory (EFT) framework 4, in which the WIMPs are produced
through a contact interaction. Limits are placed on the suppression scale M∗ as a function of the
WIMP mass mχ, for various types of operators, as shown in Figure 1 for a vector operator. The
EFT limits can be re-interpreted as limits on the WIMP-nucleon cross section and compared
to direct dark matter searches, which allows to see their complementarity. This comparison is
highly model-dependent and the EFT might not be valid for all events; a truncation procedure
to ensure validity is hence applied and its effect shown on the limits set. Limits are also set on
simplified models in which the mediator is explicited.
Instead of asking for only one ISR jet, one can rely on two high-pT jets and use the razor vari-
able R2 as discriminant to probe the WIMP signal5; this variable contains information about the
topology of the events and is sensitive to the missing to visible momenta ratio. The preselected
jets are combined into two megajets which should not be back-to-back; the background peaks
at low values of R2, while the signal is evenly distributed in R2. The background is dominated
by Z(→ νν¯)+jets events; it is estimated in a data-driven way, using control regions with vector
bosons decaying into muons. Requiring two high-pT jets instead of only one reduces the signal
acceptance significantly, but the looser selection allowed by the razor variables compensates this
effect: the limits obtained are comparable to the mono-jet ones. Furthermore, the two analyses
select mostly orthogonal events; they could hence possibly be combined to strengthen the limits.
Some models, such as the EFT with a scalar operator, predict an enhanced coupling of the
WIMPs to top quarks, which can lead to a tt¯+EmissT final state. In the analysis discussed here
6,
semi-leptonic tt¯ decays are selected. The transverse mass of the lepton and EmissT must be large,
to reduce the backgrounds in which the EmissT comes from a W decay, and the E
miss
T must be
well separated from the two leading jets to avoid fake EmissT . The dominant background in this
channel is dileptonic top pair production in which one lepton is missed. Assuming that events
come from this process, one can reconstruct the transverse mass of the top, mWT2. Requesting
mWT2 to be above 200 GeV reduces this background. A limit on M∗ is set as a function of mχ,
as shown in Figure 1. EFT validity is also explored as shown in the Figure.
The SM Higgs boson can also decay into a pair of WIMPs if kinematically allowed; looking
for a Higgs decaying invisibly can constrain some DM scenarios. Invisible Higgs decay can be
probed in the associated W/Z+h production, by looking for a hadronically decaying W/Z boson
accompanied by large EmissT
7. The search is split into different categories based on the number
of jets and b-tagged jets to improve the sensitivity of the search, as the signal-to-background
ratio and background sources vary according to these categories. As the Higgs and W/Z boson
momenta are correlated, the cuts applied on the jets to identify the W/Z boson depend on the
EmissT value. A limit is set on the branching ratio of the Higgs to invisible particles: B < 75%.
One can also look at the vector-boson-fusion (VBF) production8,9; in this mode, ATLAS ob-
tains an observed (expected) limit on the branching ratio of Higgs to invisible of B < 35%(29%),
while CMS places the limit at B < 47%(35%) after combining the VBF, hadronic W/Z+h, and
Z(→ `¯`) + h 10 searches.
3 Searches for Extra Dimensions
The results from the mono-jet analysis introduced in the last section can also be interpreted as
limits on MD as a function of n, the number of EDs, in the Arkani-Hamed–Dimopoulos–Dvali
model, as the invisible graviton can be produced in association with a jet. The lower limit on
MD ranges from 5.25 to 3.06 TeV for n going from 2 to 6.
In the Randall–Sundrum (RS) model, the KK graviton (GKK) can decay into a pair of Higgs
bosons, each of them decaying to bb¯ 11,12. Both the ATLAS and CMS analyses are split into a
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Figure 1 – Left: Lower limits at 95% CL obtained by the mono-jet analysis 3 on M∗ as a function of mχ, for an
EFT with a vector operator. The expected and observed limits are shown as dashed black and solid blue lines,
respectively. The green line corresponds to the M∗ values at which WIMPs of the given mass result in the relic
density as measured by WMAP. The purple long-dashed line and the red dashed thin line are the 95% CL observed
limit after imposing an EFT validity criterion, for two different coupling strength assumptions. Right: Lower
limits at 90% CL obtained by the tt¯+EmissT analysis
6 on M∗ as a function of mχ. The expected and observed
limits are shown as solid black and dotted red lines, respectively. A lower bound of the validity of the EFT is
indicated by the upper edge of the hatched area. The four other curves represent the lower bound on M∗ for
which 50% and 80% of signal events are considered to be valid, for two different coupling strength assumptions.
low-mass region, with well resolved b-tagged jets forming two Higgs candidates, and a high-mass
region. In CMS, the latter is formed by requesting that the angular separation between the b-
tagged jets be small and that the transverse momentum of the leading Higgs candidate be high.
In ATLAS, the high-mass analysis is based on boosted techniques using trimmed large-radius
jets in which b-tagging is performed using track subjets. As an example, the limit set on the
GKK mass by ATLAS in this analysis is shown in Figure 2.
In the bulk RS model, SM particles also acquire KK partners; the KK gluon could for
instance be produced and decay into tt¯. The semi-leptonic tt¯ mass spectrum is studied13 to look
for such a resonance. In this analysis as well, the search uses resolved and merged regimes, the
latter requiring high-mass, trimmed large-radius jets satisfying jet substructure selections. KK
gluons with masses between 0.4 and 2.2 TeV are excluded at 95% confidence level.
The RS KK graviton can also decay into a pair of photons or jets. The di-photon decay
can be probed by searching for narrow resonances in the di-photon mass spectrum in events
containing two high-pT photons
14,15. ATLAS and CMS set limits on the mass of the graviton,
ranging from 1.45 to 2.78 TeV (1.41 to 2.66 TeV ) for CMS (ATLAS), depending on the couplings
considered. The decay into a pair of jets is searched by looking at the dijet mass spectrum 16, in
different b-jet multiplicity bins, in events where the jets are not too far apart in pseudo-rapidity,
in order to limit the multijet background. A functional form is used to fit the background and
limits are set on the graviton mass, excluding RS gravitons with masses up to 1.6 TeV in the
most favourable coupling configuration.
The dijet mass spectrum can also be used to search for wider resonances (with a relative width
up to 30% of the mass) which could be the signature of QBHs. Limits are set on the minimum
mass of the QBHs, MminQBH, as a function of MD for various n, as shown in Figure 2. QBHs can also
lead to a high-energy multijet final state. The search for such a signal is performed independently
in different bins of jet multiplicity 17; a functional form is used to fit and extrapolate the scalar
sum of the jet pT at large values. The results are interpreted in a large variety of QBH models;
for example, for a non-rotating black hole model, the limit on the minimal QBH mass is set at
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Figure 2 – Left: The combined expected and observed limit set on pp → GKK → hh → bb¯bb¯ in a bulk RS
model 12. Right: Lower limits at 95% CL on MminQBH as a function of the Planck scale MD and the number of extra
dimensions n, obtained by the dijet analysis 16.
4 Conclusion
The ATLAS and CMS collaborations are completing their searches for dark matter and extra
dimensions using the LHC run-1 data and have so far set limits on a variety of models. These
searches will quickly benefit from the run-2 increased center-of-mass energy. Simulation studies
indicate that less than 1 fb−1 of run-2 data is needed to discover QBHs of 7 TeV with the dijet
analysis 18, and that the sensitivity of the mono-jet analysis will be increased within the first
months of running at 13 TeV 19.
References
1. ATLAS Collaboration, JINST 3, S08003 (2008).
2. CMS Collaboration, JINST 3, S08004 (2008).
3. ATLAS Collaboration, Eur. Phys. J. C 75, 299 (2015).
4. J. Goodman et al., Phys. Rev. D 82, 116010 (2010).
5. CMS Collaboration, CMS-PAS-EXO-14-004, http://cdsweb.cern.ch/record/2002861.
6. CMS Collaboration, J. High Energy Phys. 06, 121 (2015).
7. ATLAS Collaboration, arXiv:1504.04324 [hep-ex], submitted to Eur. Phys. J. C.
8. CMS Collaboration, CMS-PAS-HIG-14-038, http://cdsweb.cern.ch/record/2007270.
9. ATLAS Collaboration, ATLAS-CONF-2015-004, http://cdsweb.cern.ch/record/2002121.
10. CMS Collaboration, Eur. Phys. J. C 74, 2980 (2014).
11. CMS Collaboration, arXiv:1503.04114 [hep-ex], submitted to Phys. Lett. B.
12. ATLAS Collaboration, arXiv:1506.00285 [hep-ex], submitted to Eur. Phys. J. C.
13. ATLAS Collaboration, arXiv:1505.07018 [hep-ex], submitted to J. High Energy Phys..
14. ATLAS Collaboration, arXiv:1504.05511 [hep-ex], submitted to Phys. Rev. D.
15. CMS Collaboration, CMS-PAS-EXO-12-045, http://cdsweb.cern.ch/record/2017806.
16. CMS Collaboration, Phys. Rev. D 91, 052009 (2015).
17. ATLAS Collaboration, J. High Energy Phys. 07, 032 (2015).
18. ATLAS Collaboration, ATLAS-PHYS-PUB-2015-004, http://cdsweb.cern.ch/record/2002136.
19. ATLAS Collaboration, ATL-PHYS-PUB-2014-007, http://cdsweb.cern.ch/record/1708859.
